The collaboration between T and B lymphocytes is used as an example to illustrate how the key features of immune regulation (cell interaction, reciprocal exchange of signals by cell contact, and dependence on soluble cytokines) serve as amplifying reactions. By linking cell-based ampli®ers in sequence, the resulting immune response is made highly sensitive to small changes in the environment. Thus, intercellular communication in the immune system can be viewed as a higher level analogue to the kinase cascades that amplify intracellular signalling mechanisms.
Introduction
The elucidation of pathways that connect a cell surface receptor with mechanisms for changing cellular behaviour has been one of the great triumphs of recent biological research. Hundreds of individual signalling paths have been identi®ed and these fall into numerous distinct classes. However, despite the diversity of pathways, there are important common features that underlie the ability of cells to sensitively respond to a range of inputs. Typically, ligand binding to receptor results in a chain of enzyme activation where the product of the catalytic reaction is a new active enzyme. As scientists we can identify at least two goals for studying any such biological process. One commonly pursued goal is to identify each component in the chain, perhaps with a view to identifying opportunities for pharmacological intervention. A second goal is to understand the logic of why the system evolved; what advantage it might have oered the developing biological system. The latter goal yields a more profound insight into the nature of biological systems.
The evolutionary logic of the chain of enzyme interactions common in cellular signalling is transparent. The linking of products acts as a logarithmic ampli®er. The more links in the chain, the greater the ampli®cation (Fig. 1a) . 1 Thus, with multiple connections, a small input can be ampli®ed by two, three or more log decades. An important advantage of ampli®cation is that the cell becomes extremely sensitive to small changes in its environment. 2 In the present paper we outline parallels that can be found at a higher biological level; that is, similar evolutionary logic is built into the way cells communicate with each other. Ampli®ers of a dierent character, but achieving the same end, can be found that contribute to the highly regulated sensing of the environment by the immune system.
To illustrate our argument we will look ®rst at the remarkable process of T±B collaboration.
T±B collaboration
T and B lymphocytes are each capable of mounting immune responses alone, but when confronted with foreign material that includes protein they collaborate in the production of antibody. This unique cellular liaison was ®rst noted by Claman et al. in 1966 3 and de®ned in greater detail by Miller and Mitchell soon after. 4 Since the early 1970s it has been possible to reproduce the process of T±B collaboration leading to antibody in vitro. This important technical advance led to the identi®cation of the role of T cell-derived cytokines and later of an independent requirement for direct cell contact after activation. It is now clear that T±B collaboration proceeds in independent steps, and methods have been developed that allow each to be studied separately. These steps have been the subject of numerous reviews, 5±8 and only the salient features for the current argument are discussed further in the following section.
Antigen capture by B cell
Mature B cells recirculate through lymphoid tissue and do not secrete antibody unless activated. Resting B cells express Ig as a receptor that eciently internalizes and tracs bound material to a processing pathway. This results in peptides from the antigen being presented at the cell surface in combination with MHC class II. In addition, antigen engagement of surface Ig can also generate signals that trigger the production of new, and increase expression of existing, cell surface molecules. Many of the enhanced surface molecules interact with complementary receptors on the T cell surface.
Collaboration with the T cell
Antigen-stimulated B cells accumulate in the T cell areas of the spleen, thereby facilitating the chance of ®nding a rare antigen-speci®c T cell. 9 When contact between speci®c T and B cells occurs, the T cell receptor and MHC engage, providing an activating signal for the T cell. In addition, the simultaneous interaction of other receptor±ligand pairs send co-stimulatory signals back to both the B and the T cell. 8 Notably, the CD28 molecule on the T cell interacting with B7 on the B cell provides co-stimulatory signals for T cell activation. 10 Once activated, the T cell in turn induces the de novo synthesis of novel molecules that include secreted cytokines and the cell surface ligand CD40L. 5, 11, 12 This latter receptor provides an activating stimulus for B cell proliferation by interacting with CD40 on the B cell.
The contribution of each receptor±ligand interaction that occurs during T and B cell interaction is dicult to determine. Therefore, techniques for providing each signal in isolation have been devised that examine the eects on T or B cell behaviour. Many ligands have been found to signal a response that will serve to enhance in a quantitative way the ongoing reciprocal T or B cell stimulation. For example class II MHC engagement can increase B7 expression, which in turn will enhance T cell activation. 13 Secretion of IL-4 by the T cell increases expression of class II MHC and CD40 and B7, 14, 15 enhancing both T cell activation and B cell sensitivity to CD40L. Interestingly CD40L itself enhances T cell activation when engaged. 16 Together these studies indicate that the ongoing two-way dialogue between T and B cells is highly dynamic, and the outcome is regulated by many signals.
Proliferation of B cells
Despite the number of molecular interactions that modulate and signal during T and B cell collaboration, the outcome, B cell proliferation, isotype switching and Ig secretion, can be induced by CD40L and cytokines alone.
17,18 B cell proliferation induced by CD40 stimulation exhibits the curious feature that the time to divide is dependent on the strength of the stimulation and can vary widely, from 48 h to more than 6 days. 18 Furthermore, stimulated B cells undergo a burst of division and can continue for a number of divisions before needing further stimulation from CD40 (J. Rush and P. Hodgkin, unpubl. data). The size of this burst appears to vary with the strength of the initial stimulation by CD40 and is enhanced by other signals, particularly IL-4 (J Rush and P Hodgkin, unpubl. data).
Isotype switching
B cells initially express IgM and IgD as an antigen receptor, but may switch to another isotype under the in¯uence of T cell-derived cytokines. Interleukin-4 induces CD40L-stimulated B cells to switch to IgG1 and IgE. 17, 18 Switching is linked to division number in a highly reproducible but stochastic manner. 19 At saturating IL-4, B cells switch to IgG1 between divisions 3 and 7, and IgE from division 6 to b 8. Lower concentrations of IL-4 can also induce switching but the B cells must undergo more divisions. 18 With some mouse strains it is possible to see switching to IgG1 occurring in the absence of IL-4 after eight divisions, suggesting the cytokine acts to`slide' the probability of switching forward along a division number scale (J Hasbold and PD Hodgkin, unpubl. data).
Antibody production
B cells activated and induced to proliferate by CD40L engagement do not secrete antibody. Ig secretion, like isotype switching, is also under the control of T cell-derived cytokines. In the mouse, IL-5, IL-2 or very high concentrations of IL-4 can induce activated B cells to secrete Ig in a doserelated manner (G Bartell and PD Hodgkin, unpubl. data). 17, 20 Therefore, the production of antibody from activated B cells, at least over the ®rst eight divisions after activation, is constantly under the in¯uence of the T cell. This conclusion is not true once the cell dierentiates to a non-dividing, high-rate Ig-secreting plasma cell.
The logic of T±B collaboration
It is interesting to ask why such a curious system as T±B collaboration has evolved. Finding the answer to this question may help account for the complexity of why so many molecules are involved in the process.
The ®rst, highly in¯uential explanation of T±B collaboration was that it served to reinforce tolerance to self. This argument derived from the logic of Bretscher and Cohn that two antigen recognition events would be required to help con®rm`foreignness' and diminish the chance of random receptor mutations giving rise to anti-self reactivity. 21 While clearly this mechanism can be important, other lymphocyte activation mechanisms are not regulated in the same manner. T cell activation need not involve`a direct second opinion'. There are also numerous non-T helperassociated B cell activation paths that seem to defy the Bretscher and Cohn logic. Thus, while cell interaction may help preserve tolerance to self, it may not have been essential to evolve collaboration for that reason.
An alternative is to note that the T and B cell are each capable of gathering information about the nature of antigen. For example, B cell presentation to T cells favours protein antigens, and therefore, some T-dependent isotypes may have evolved to target this class of antigen. Similarly the cytokines produced by the T cell dictate the direction of B cell dierentiation. The cytokine pattern of T cells is itself highly regulated and in¯uenced by physical properties of the antigen. Thus, T±B collaboration represents the pooling of information from two independent sources. By this view the various alternative antibody outcomes occur as a result of the evolution of a code that helps match classes of antigen with an eective antibody type. 22, 23 A related explanation is that T±B collaboration allows detection of monovalent' protein antigens that may not activate an antigen-detecting receptor on the B cell. Thus, the antigen processing machinery of the B cell is able to convert a monovalent antigen into a multivalent array, capable of recognition by a second set of receptors. 24 In the following section a new argument is put forward to help explain the evolution and function of T±B collaboration. It is not mutually exclusive of any of the hypotheses mentioned here, but points out that the mode of collaboration acts as a powerful ampli®er, enabling the antibody response to react sensitively to small changes in antigen concentration.
A quantitative consequence of cell interaction
The formation of conjugates between antigen-speci®c T and B cells is a necessary ®rst step in antibody production. The rate of conjugate formation is currently an unknown function of the number of T and B cell precursors for antigen, and will be in¯uenced by migratory signals and site of exposure. However, irrespective of these concerns, it is valid to note that the number of precursors for antigen is not a ®xed number for either T or B cells. B cells capture and internalize antigen with a receptor that will have varying anity within the population. Therefore, when confronted with a speci®c antigen at a local concentration, cells of high enough anity will saturate the presenting capability, while others of lower anity will present less peptide. Most B cells, however, will be of insucient anity to present any peptide. Increases in the antigen concentration will lead to more B cells presenting peptide, thereby increasing the number of cells capable of interacting with T cells (Fig. 2) . As the anity distribution increases exponentially in the direction of lower anity, 25 then progressive increases in concentration will lead to a disproportionate increase in the number of presenting B cells (Fig. 2) .
A similar argument can be made for T cells. T cells that contribute to T±B collaboration are probably ®rst activated by dendritic cells which are ecient presenters of peptide. As for B cells, the concentration of antigen will determine the amount of peptide that will be presented by the APC. The T cell repertoire also exponentially increases with lower anity, and so the more peptide that is presented, the more activated T cells will be generated (Fig. 2) .
Antigen-speci®c T and B cells are each rare and must ®nd each other randomly within a con®ned space. For any such process the probability of success will be a function of the number of each of the reactants. In general, the rate of conjugate formation (R tb ), will be a function (F) of the product of the number of each, regardless of chemotaxis and migratory eects. That is: Figure 2 Obligatory contact between a T and B cell acts as an ampli®er. The four graphs represent the number of cells in the T and B cell repertoire found at each anity. Typically there are fewer high-anity cells than low-anity cells. The number of B cells that will participate in T±B collaboration by presenting peptide will increase as antigen concentration is increased. This is illustrated by the area of the shaded regions in the two top graphs and by the number of B cells (black) in the box, which represents the con®ned space for T±B cell interaction. The lower panels illustrate that the number of T cells participating in T±B collaboration will also increase with antigen concentration due to enhanced stimulation by dendritic cells. Therefore the rate of conjugate formation between the B and T cells will be a higher order function of antigen dose. From inspection of (1) it is clear that F must be a higherorder function of [Ag] than G and H. Thus, the rate of increase in the number of conjugates formed by increasing antigen concentration is likely to be highly non-linear and must be greater than the rate of increase in T or B cell precursors. When it is considered that both N t and N b derive from non-linear precursor functions (Fig. 2) , then the deviation from linearity will be further exaggerated.
Reciprocal stimulation and the time to ®rst division
In the discussion in the previous section it was noted that T and B cell conjugates will be formed between cells possessing a range of anities for antigen. In a previous section it was described how the time taken for B cells to divide is variable and dependent on the strength of stimulation by CD40. An argument can be made that the dynamic reciprocal exchange of signals between pairs of receptors on the T and B cell serves to create a non-linear relationship between antigen dose and time to division.
This can be shown with the simpli®ed model of stimulation illustrated in Fig. 3 . In this model the time for T cell activation and provision of stimulatory signals to the B cell is also variable, and is a function of the combined strength of signals received from the TCR and co-stimulatory receptors. Binding of antigen by the B cell receptor internalizes and presents peptide in proportion to the amount of antigen bound until the receptor is saturated. Similarly the amount of co-stimulatory molecules expressed by the B cell in response to antigen stimulation will be related to the antigen concentration. To illustrate the argument, it is interesting to consider the eect of a two-fold change in antigen concentration, where the receptor is not close to its saturation level. The B cell will present twice as much peptide, and trigger the production of additional co-stimulatory molecules on the cell's surface. This results in more than twice the strength of signal to the T cell. Therefore, the T cell will deliver CD40L and cytokines to the B cell disproportionately earlier, and possibly at higher doses. The provision of cytokine, such as IL-4 earlier will result in increases in class II that further promote the stimulation of the T cell to reciprocally speed up the rate of CD40L production. The earlier enhanced provision of CD40L will mean the B cell, in the presence of the two-fold higher antigen concentration, will be induced to divide considerably earlier. Even without a formal mathematical model it is clear from this discussion that reciprocal signalling, together with the variable time to division, will result in a non-linear ampli®cation of small changes in antigen concentration. It should also be clear that adding more reciprocal communication exchanges between the interacting cells will serve to further enhance the dierences in time to division caused by small changes in antigen concentration (Fig. 3) . In addition to enhancing the rate of clonal expansion at higher antigen doses, the mechanism just described will magnify the dierences between high and lower anity B cells responding to the same antigen dose, thereby helping to rapidly promote the proliferation of the higher anity cells.
By this view much of the extraordinary complexity of reciprocal stimulation that occurs during T±B collaboration contributes to the careful regulation of the kinetics of di- Figure 3 Enhancing B cell sensitivity to small changes in antigen dose by reciprocal exchange of signals. (a) Antigen is captured by the Ig receptor and presented with MHC on the surface of the B cell (1). The amount of peptide presented will be determined by the anity of the receptor and the concentration of antigen. Ig receptor occupancy also triggers the production of new, and enhanced expression of existing, receptors that interact with signalling molecules on the T cell (2). The time taken for T cell activation can vary and is under the control of the strength of stimulation by the TCR and these co-stimulatory signals (3). Linking multiple signalling components to the same input (Ig receptor occupancy) will disproportionately increase the T cell`signal' for small increases in antigen dose. (b) Signals continue to loop between T and B cell (4) until the B cell reaches an activation threshold and divides. The stimulated T cell expresses new molecules, including CD40L and cytokines that engage receptors on the B cell. These signals can contribute to the decision to divide, but also`feedback' to further promote expression of T cell co-stimulators, or MHC. CD40L engagement can also enhance T cell activation, providing another internal loop (5) . As a consequence of these feedback loops, small changes in antigen dose will eect large changes in the time it takes the B cell to divide. vision, rather than directing dierentiation. If correct, it can explain why CD40 stimulation alone seems to reproduce the cell contact-mediated eects of T cell stimulation, even though failing to provide many components of the actual liaison.
Soluble factors as ampli®ers
The control of B cell isotype switching and Ig secretion is dependent on soluble factors secreted by the activated T cell. Because cytokine secretion by the T cell is directed towards the contact site with the B cell, 26 this reliance on soluble factors, rather than further cell membrane anchored interactions, seems unnecessary. However, it is important to note that once stimulated, B cells can proliferate in a burst of more than one division, and these cells are susceptible to the eects of cytokines (J Rush and PD Hodgkin, unpubl. data). For this latter group of B cells, divorced from direct T cell engagement, an argument can be made that control of cell functions by soluble factors inserts another ampli®ed non-linear step into the sequence leading to antibody production.
The argument for soluble factor-mediated ampli®cation is illustrated in Fig. 4 . When a T cell is secreting cytokines the concentration will diminish as it diuses away from the cell. The concentration will be approximately proportional to the inverse of the square of the distance. However, cell sensitivity to any cytokine follows a dose±response range. Thus, the response of a cell (or the probability of mounting an all-or-none-type response, such as isotype switching) will be a function of the distance from the site of secretion.
It is obvious that increasing the number of secreting cells in the local environment will increase the density and concentration of the cytokines so that the response of the sensitive cells in the area is enhanced. Therefore, the more cytokine secreting cells the greater the eect of the cytokines on B cell behaviour. For isotype switching this has an interesting consequence. Interleukin-4 enhances the rate of B cell division and reduces the number of divisions required before switching. Therefore, a two-fold increase in the number of T±B conjugates will provide a two-fold increase in the local IL-4 concentration, that will lead to B cells dividing faster, yielding more than a two-fold increase in B cell number, and earlier switching, giving substantially more IgG1 and IgE per B cell. A similar argument can be made for antibody secretion under the in¯uence of IL-5, where the number of conjugates secreting this cytokine in the local environment will contribute to enhanced Ig secretion rate per B cell. Thus, the two functions of the B cell response that depend on cytokines, isotype switching and antibody production, will conform to non-linear functions of the number of conjugates formed.
In the preceding three sections we have argued that each of the features of T±B collaboration, cell interaction, reciprocal exchange of signals, and communication by soluble factors, can act as a non-linear ampli®er of antigen concentration in¯uencing the rate of clonal expansion, the selection of high-anity precursors and the regulation of response class. However these features are not unique to the interaction between T and B cells; they also apply to the activation of T cells by the APC.
T cell activation
T cell activation, proliferation and class regulation display many parallel features with T±B cell collaboration. T cell activation requires direct cellular cooperation and interaction with an APC, where the number of precursors activated will be aected by the concentration of antigen entering the APC as noted already. The time a T cell takes to divide in response to stimulation is also highly variable and determined by the strength of stimulation (AV Gett and PD Hodgkin, unpubl. data). 27 Furthermore, the interaction between T cell and APC triggers a complex dialogue of receptor±ligand stimulation that could dictate in a non-linear manner the time to division. 28 T cell proliferation itself is dependent on autocrine cytokine production, suggesting that a non-linear relation will exist between the number of T±APC conjugates that form and the rate of T cell clonal expansion. Also in analogous fashion to B cells, the dividing T lymphocytes are dependent on, and sensitive to, the local cytokine concentration for their dierentiation which is undertaken by a division-related mechanism. 27 Thus, for T cells as for B cells, it seems that a chain of cell communication-based ampli®ers have evolved that re- Figure 4 Ampli®cation by soluble factors. Cytokine concentration will diminish with distance from the secreting T cell. Increasing the number of secreting cells in the environment will increase the local concentration of the cytokines so that the response of the sensitive cells in the area is enhanced. Therefore, the more cytokine secreting cells the greater the eect of the cytokines on B cell behaviour. Thus, there is a non-linear eect on the response. This argument is applied to both isotype switching and antibody secretion by proliferating B cells. late the size of the antigenic challenge with the rate, and class of response in a highly non-linear manner.
Conclusion
The previous discussion illustrates how cell communication introduces a sequence of non-linear relationships between the input of antigen concentration and the output of the strength and class of immune response. Thus, cellular communication can be viewed as analogous to intracellular signalling. In the same manner that the number of links in an intracellular enzyme chain determines how many log decades the input is magni®ed, the consecutive amplifying steps eected by intercellular interaction during T±B collaboration and T cell activation will also lead to a profound hypersensitivity to antigen dose (Fig. 1b) . As a consequence, amplifying pathways at both the intracellular and intercellular levels succeed in making the cell and the broader immune system hypersensitive to small changes in the environment.
